Two kinds of equatorial waves are predominantly observed during the Line Islands Experiment (March-April, 1967),. The one is mixed Rossby-gravity waves in the layer of 25-35 mb where the basic westerlies weaken with height. The other is Kelvin waves in the layer of 40-80 mb where the basic westerlies strengthen with height. The vertical convergence of the westerly momentum due to Kelvin waves may well contribute to the acceleration of the basic westerlies.
Introduction
Two kinds of equatorial waves are observed markedly in the lower stratosphere. One is mixed Rossby-gravity waves and the other is Kelvin waves. The theoretical solution of equatorial waves is given by Rosenthal (1965) and more generally by Matsuno (1966) . In the actual atmosphere, equatorial waves were discovered when we were seeking for the cause of the quasi-biennial oscillation of stratospheric zonal winds which was found in the early 1960's. It has been shown that the occurrence of equatorial waves have close relation with the quasi-biennial oscillation. The progress of the studies on equatorial waves in summarized in the review papers by Yanai and Maruyama (1969) and Wallace (1969) . Observational works on equatorial waves are listed in Table l .
During March-April 1967, a series of rawinsonde observations was operated over the Line Islands. This observation project is called the Line Islands Experiment (LIE). Though the LIE data have been analyzed from various aspects (see Zipser, 1970) , stratospheric equatorial waves have been less discussed. In this paper, we shall report on the behavior of equatorial waves in the lower stratosphere observed during the LIE.
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Data and procedure
The Line Islands Experiment was operated in March-April 1967 at three islands, Christmas (N 01 °55', W 157°20'), Fanning (N 03°54', W 159°23') and Palmyra (N 05°53', W 162°05'), and their vicinity. In Fig. 1 , we show the location of the Line Islands. The data obtained are compiled by Zipser and Taylor (1968) . In the present analysis, we use wind and temperature data in the layer from 120 mb (near 15.5 km) to 25 mb (near 25.0 km) . The data are listed at constant pressure levels: 120 mb, 110 mb, 100 mb, 90 mb, 80 mb, 70 mb, 60 mb, 55 mb, 50 mb, 45 mb, 40 mb, 35 mb, 30 mb and 25 mb. Observations at these levels were made twice a day, at about 0000 GMT and 1200 GMT.
To remove daily variations, the mean value of two observed values on the same day is used in this work. When one value is missing, the other is used. When both are missing, the value of this day is not defined. In this way we produce time series data once a day.
Then the time series data are resolved into two parts: the trend and the deviation from the trend. In this analysis, the disturbances with periods shorter than about 20 days are reserved ~n the deviation from the trend.
In spectrum analyses of the time series data, the maximum lag number to obtain covariances takes 24 for estimating the power spectral density and it takes 12 for estimating Equalor -140'W mean fields for the zonal wind component, the meridional wind component and the temperature are presented in Fig. 2 . We find the equatorial westerlies with the maximum near 50 mb. Another maximum is found over Palmyra near 60 mb. Overhanging the westerly region, the easterlies blow, though they are not shown in the figure (see Fig. 2 of Madden, 1970) . Based on results of previous studies (Maruyama, 1968a; Wallace and Kousky, 1968b; Maruyama, 1969) , we can expect to find mixed Rossby-gravity waves in the layer higher than about 50 mb and Kelvin waves in the layer lower than about 50 mb. the phase difference and the vertical flux of momentum.
The temperature minimum is found at about 100 mb. The vertical gradient of temperature The formulae calculating spectral estimates are given in Maruyama (1968a) .
is about +6°C j km in the layer 90-60 mb and less than +3°C j km in the layer higher than about 55 mb.
Basic situation 4. Vertical time-sections
To show the basic situation during the Line Islands Experiment, meridional sections of In Fig. 3 , we show vertical time-sections of -Yanai, 1967 (1) Sy M Maruyama, 1967 (1) T,Sy M Yanai·Maruyama-Nitta- Hayshi, 1968 62 Apr.-July, PACIFIC (2) Sp M Maruyama, 1968a 57 June-60 May, Canton Sp M Maruyama, 1968b (1) and (2) Sp M Wallace -Kousky, 1968a 65 Dec.-66 May, BalboajKwajeleinjTrinidad T,Sp K Wallace -Kousky, 1968b 54 Sept.-65 Mar., Canton T K Maruyama, 1969 57 J uly-60 June, Canton Sp M,K Yanai·Hayashi, 1969 (2) Sp M Yanai-Murakami, 1970 (2) Sp M,K,R1 Kousky-Wallace, 1970 . 62 Apr.-July, PACIFICjBalboajAscensio Sp K Methods: T -time series analysis; Sy-synoptic analysis; Sp-spectrum analysis. Waves: M-mixed Rossby·gravity waves; K-Kelvin waves; R1-n=1 Rossby waves. See theoretical works on equatorial waves: Matsuno, 1966; Lindzen 1967; Lindzen-Matsuno, 1968 . ~:: -- the zonal wind component (u), the meridional wind component (v) , and the temperature ( T) for Christmas during the Line Islands Experiment, superposing disturbances on trends.
Computations were made for three stations, but we hereafter show results for Christmas only, because data of the other two stations contain more missing data. In the zonal wind component, we find disturbances with periods of about 5-10 days in the layer higher than about 80 mb. Their phase is found to lead with height. This feature suggests that wave disturbances tilt with height in the direction of wave propagation, and thus upward fluxes of wave energy are suggested. In the layer higher than about 50 mb, the basic westerlies weaken with height, while in the layer lower than about 50 mb, the westerlies strengthen with height.
In the meridional wind component, we find predominant disturbances with periods of about four days in the layer higher than about 45 mb. Their phase is found to lead with height. In the layer lower than about 50 mb, irregular fluctuations are observed. The basic meridional flow is almost southerly and its speed increases markedly in the layer of 40-80 mb.
In the temperature, we find disturbances with periods of about 5-10 days in the layer higher than about 80 mb. Their phase is also found to lead with height. The basic temperature slightly increases in the layer higher than about 40 mb.
Comparing disturbances of v with trends of u, we find disturbances with periods of about four days in the layer where the basic westerlies weaken with height. According to results of the previous works (Maruyama, 1968a and 1969) , this feature suggests that the disturbances are due to the passage of mixed Rossby-gravity waves.
Disturbances of U and T in the layer higher than about 80 mb may be due to the passage of Kelvin waves or mixed Rossby-gravity waves.
These suggestions will be examined in the following section by means of spectrum analysis.
Frequency-height diagram
We made spectrum analysis for time series data. In the same way as in previous works (Yanai and Murakami, 1970; Kousky and Wallace, 1970; Maruyama, 1971) , we show the power spectral density in frequency- height diagrams.
In Fig. 4 , we show frequency-height diagrams at Christmas for u, v and T.
We find in the figures that the disturbances with periods of about 4-5 days are observed in the layer near 30 mb for u, v and T. These disturbances may be due to mixed Rossbygravity waves. On the other hand, disturbances with periods of about 8 days are observed in the layer of 45-70 mb for u, and we do not find corresponding disturbances in v. These disturbances may be due to Kelvin waves, though it is not clear from the figures whether the di sturbances of u are accompanied with corresponding disturbances of T. The crossspectral density between u and T will be shown later.
In the layer near 100 mb, we find another kind of disturbances of v with periods of about 6-8 days. These disturbances in v may be accompanied with corresponding disturbances in T.
In the layer of 70-80 mb, we find disturbances in u and T with periods longer than 20 days.
To examine further the nature of disturbances observed in Fig. 4 , cross-spectrum analyses were made between two elements among u, v and T. The co-spectral estimates C(a, b) and the quadrature spectral estimate.s Q (a, b) between two quantities a and b mean approximately and Ii is the amplitude density of a; similarly for b.
In Fig. 5 , we show frequency-height diagrams of Q (u, v) , Q(u, T) and C (v, T) at Christmas.
Mixed Rossby-gravity waves take the form of eddies centered on the equator, and move westward. Therefore, the phase of disturbances in v has a lead to that in u, and thus we can expect Q (u, v) >0. Furthermore, mixed Rossby-gravity waves observed in the lower stratosphere are found to carry the westerly momentum upward and the sensible heat poleward (Maruyama, 1968b; 1969 ; theoretical explanation was given by Lindzen and Matsuno, 1968) . We can expect therefore Q(u, T»O and C (v, T) >0 for northern hemispheric stations. These expectations are confirmed as shown in Fig. 5 .
On the other hand, Kelvin waves are not associated with disturbances in v. We can expect therefore Q (u, v) =O and C(v, T) and Kousky, 1968a , Maruyama, 1969 Kousky and Wallace, 1970) , Kelvin waves are also found to carry the westerly momentum upward, and thus we can expect Q(u, T»O. Table 2 ). Estimates with coherences larger than 0.5 are shown.
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Equatorial waves of n=l Rossy mode (see Matsuno, 1966) are shown not to be associated with corresponding disturbances in v on the equator. But this kind of wave is shown theoretically to carry the westerly momentum downward (Lindzen and Matsuno, 1968; Hayashi, 1970) . Then, we find in the figure that estimates of Q (u, T) for the disturbances noted here are clearly positive. The estimates of Q(u, v) and C (v, T) corresponding to the disturbances are almost zero, though some irregular fluctuations are found in the figures. It is probable from the figuers of these cross-spectral estimates that the disturbances are due to the passage of Kelvin waves.
To identify the disturbances with Kelvin waves, we must further show that the disturbances propagate eastward. Since we use in the present analysis only the data of the Line Islands, we cannot show the direction of propagation of the disturbances.
The disturbances with periods of about 6-8 days in the layer near 100 mb show C (v, T) <0, that is, the disturbances carry the sensible heat toward the equator. In Q(u, v) and Q (u, T) we cannot find significant peaks corresponding to the disturbances.
The disturbances with periods longer than 20 days in the layer of 70-80 mb show Q (u, T»O, which means the westerly momentum is carried upward. Since we cannot find corresponding peaks in Q(u, v) and C (v, T) , it seems that the disturbances are not accompanied with v. This suggests that the disturbances are also due to Kelvin waves. In the layer of 70-80 mb, Kelvin waves with two different periods may be superposed. However, it can be considered that the disturbances with longer periods are owing to the timechange of the amplitude of successive waves with shorter periods.
We find from the above inspection four kinds of disturbances as summarized in Table 2 . Table 2 . Disturbances of the lower stratosphere observe bed during the Line Islands Experiment.
I
Layers Periods
Waves: M-mixed Rossby·gravity waves; K-Kelvin waves.
Phase-height diagrams
In this section, we shall examine the vertical structure of the disturbances.
In Fig. 6 , phase-height diagrams are shown for three kinds of disturbances (A, Band C in Table 2 ). We do not show the diagram for the disturbance D, since its peak is found in the frequency range where disturbances are filtered out. In the figure, estimate with coherences larger than 0.5 are shown.
For the disturbance A, the phase-lead with height is clearly shown in the layer of 25-35 mb. The meridional wind component is almost in phase with T, which has a phase-lead to u by 74 cycle. In the layer lower than 35 mb, the coherence for u and T decreases. The disturbances for v extend to 50 mb, but their phase hardly changes vertically.
For the disturbance B, both u and T have a phase-lead with height in the layer of 40-70 mb. The phase of T has a lead to that of u by about 74 cycle.
For the disturbance C, v and T both have a phase-lead with height in the layer of 80-100 mb. In the layer of 80-90 mb the phase ·of v leads to that of T by about 74 cycle, while at 100 mb v and T are out of phase. In the layer lower than 100 mb, the coherence for T decreases, but the disurbances of v extend to 200 mb without vertical phase-change (not shown in the figure) . They may be the upper tropospheric disturbances with periods of about a week noted by Maruyama (1971) .
• Vertical transport of momentum
It is notable that the two kinds of equatorial waves found in the lower stratosphere, Kelvin waves and mixed Rossby-gravity waves, both carry the westerly momentum upward. Kelvin waves occur in the region where the vertical shear of the basic zonal winds is positive (au j a z>O), and thus the descent of the westerly region associated with the quasi-biennial oscillation is explained as the vertical convergence of the westerly momentum due to Kelvin waves Kousky, 1968a and 1968b; Kousky and Wallace, 1970) . On the other hand, mixed Rossby-gravity waves occur predominantly in the region where the vertical shear of the basic westerlies is negative (aujaz<o, u>O) . We cannot explain the timechange of the basic ' zonal winds as the vertical convergence of the westerly momentum due to mixed Rossby-gravity waves, because the time-change of the basic westerlies is negative where mixed Rossby-gravity waves are predominant.
We shall estimate the vertical transport of the westerly momentum in the same way as in Maruyama (1968b and 1969) :
where w is the vertical velocity, p is the pressure, po is defined as 1000 mb, R is the gas constant, Cp is the specific heat at constant pressure, a () j a z is the vertical gradient of the basic potential temperature and v is the frequency. Strictly speaking, these estimates should be adjusted by the basic zonal wind speed:
is the frequency observed on the moving coordinate with the velocity U. In the westerly region, estimates decrease for Kelvin waves and increase for mixed Rossby-gravity waves by this adjustment. This factor, however, may be in the range of 0.5-1.5, and thus no adjustment is applied in the present rough estimates.
In Fig. 7 , a frequency-height diagram of C(u, w) obtained in this way is shown together with integrations of spectral density of C(u, w) : u=0.05 day-' and the time-change of the basic zonal wind. . We find in the figure a peak due to mixed Rossby-gravity waves near 30 mb and two peaks due to Kelvin waves near 45 mb and 70 mb. It is remarkable that the negative area is very small in this diagram. Therefore integration u' w' are mostly positive from 120 mb to 25 mb. The values of fluxes are about 2x10-3 (m.s-')2, which is of the same order as estimated in the previous works (Maruyama, 1968b (Maruyama, , 1969 Kousky and Wallace, 1970) .
To examine the contribution by Kelvin waves, integrations were made in the domain near the peaks due to Kelvin waves: 
u=0.05 day-l Then, the vertical convergence of the westerly momentum is estimated by the use of these integrations:
P z
where p is air density. It may be said from the figure that Kelvin waves positively contribute to the time change of the basic zonal wind, though the estimates of the convergence are somewhat smaller than the time-change of the basic zonal wind in the layer lower than 50 mb.
Conclusions and remarks
We find two kinds of equatorial waves in the lower stratosphere during the Line Islands Experiment. One is mixed Rossby-gravity waves in the layer of 25-35 mb where the wind speed of the basic westerlies decreases with height. The other is Kelvin waves in the layer of 40-80 mb where the wind speed of the basic westerlies increases with height. These findings are consistent with the results of previous works. The vertical convergence of the westerly momentum due to Kelvin waves may contribute considerably to the acceleration of the basic zonal wind. It is notable that mixed Rossby-gravity waves are found apart from the troposphere. In the cases shown in previous works, mixed Rossby-gravity waves are found in the layer close to the troposphere, and the wave energy is shown to penetrate directly from the upper troposphere (Yanai and Hayashi ,1969 ; Hayashi, 1970) . Further analyses are required to estimate energy fluxes in relation to the vertical shear of the basic zonal wind.
We find in the present analysis two other kinds of disturbances. One is found in the layer of 70-80 mb with periods longer than 20 days. Disturbances of this kind are accompanied with oscillations in u and T, and carry the westerly momentum upward. The other is found in the layer lower than about 80 mb with periods of about 6-8 days. These disturbances may extend to the upper troposphere The nature of these two kinds of disturbances reamins unknown. Hayashi (1970) numerically estimated that the meridional flow induced by mixed Rossbygravity waves contributes to the easterly acceleration suppressing the vertical westerly convergence in the lower stratosphere. Since the magnitude of the induced meridional flow is of the order of lO-lm.s->, it is difficult to detect it by the use of observational data. According to his estimates, furthermore, the induced meridional flow accelerates the upper tropospheric westerlies somewhat apart from the equator. It will be interesting to investigate the relation between the intensity of the upper tropospheric westerlies and the activity of equatorial waves.
